The valence ionization spectra up to 20 eV of group six metal carbonyls, chromium hexacarbonyl, molybdenum hexacarbonyl, and tungsten hexacarbonyl were studied by the symmetry-adapted cluster-configuration interaction ͑SAC-CI͒ method. The assignments of the spectra are given based on reliable SAC-CI calculations. The relativistic effects including the spin-orbit effects are important for the ionization spectrum of W͑CO͒ 6 . The relation between the metal-CO distance and ionization energies was examined. The lowest ionization energies of the three metal carbonyls are approximately the same because of the energy dependence of the metal-CO length and relativistic effects. In Cr͑CO͒ 6 , the Cr-CO interaction significantly increases the lowest ionization energy in comparison with Mo͑CO͒ 6 and W͑CO͒ 6 because of the relatively short metal-CO bond length. The relativistic effect reduces the lowest ionization energy of W͑CO͒ 6 because the effective core potential of 5d electrons is more efficiently screened as a result of the relativistic contraction of the inner electrons.
I. INTRODUCTION
Ionization spectra are important for studying the valence electronic structure of molecules and molecular systems because energy levels of electrons can be directly observed using spectroscopic techniques such as ultraviolet ͑UV͒ photoelectron spectroscopy 1 ͑PES͒ or Penning ionization electron spectroscopy ͑PIES͒. 2 Accurate assignment of peaks is necessary for extracting information about the electronic structure from the measured spectrum. Within the molecular orbital theory, Koopmans' theorem 3 relates calculated orbital energies to observed ionization energies; therefore, theoretical computations are frequently used for assignment of ionization spectra. Although the simplicity of Koopmans' theorem is attractive, it is usually inaccurate for quantitative estimation. Additionally, Koopmans' theorem is invalid for systems such as transition metal compounds in which orbital relaxation is a significant contribution to the ionization process. 4, 5 Accurate theories, in which electron correlation and orbital relaxation are considered consistently, are essential for assigning the spectrum correctly and for obtaining much useful knowledge about the electronic structure by theoretical and spectroscopic methodologies. The symmetryadapted cluster 6 ͑SAC͒ /SAC-configuration interaction ͑SAC-CI͒ ͑Ref. 7͒ method used in the present study has such features.
The SAC/SAC-CI method is an electron-correlation theory for the ground, excited, electron-attached, and ionized states. The SAC-CI method has been applied to studying diverse aspects of chemistry, physics, and biology 8 as well as ionization spectra. The SAC-CI method has accurately described the ionization potential of molecules consisting of main group elements: organic molecules with -conjugation, 9 inorganic molecules, 10 silicon compounds, 11 and hydrocarbon cages. 12 The SAC-CI general-R method 13 has been applied to outer-and inner-valence ionization, including shake-up satellites. 14 The highly accurate general-R method has achieved "fine theoretical spectroscopy" for the ionization of a series of molecules. 15, 16 In this study, we will report applications of the SAC-CI method to the ionization of transition metal compounds. Although some important results have been reported about transition metal compounds, 5, 17 we have not paid much attention to the couplings between electron correlation and orbital reorganization. For a systematic study of transition metal compounds, we need to establish the method of computations for systems in which electron correlation and orbital reorganization are significantly coupled. For this purpose, we will study the valence ionization spectra of group six metal carbonyls. In addition, relativistic effects could be important for this kind of study. The trends of group six metal carbonyls will be discussed in terms of the relativistic and other periodic effects.
Metal carbonyls are among the most typical compounds of transition metals; for sixth group elements, hexacarbonyls are well known. They have been widely studied as a prototype for understanding the chemical bonds of organometallic compounds 18, 19 or a model for adsorption of carbon monoxide on metal surfaces. 20 On the ionizations in the valence region, He I and He II PES, 21 x-ray PES ͑XPES͒, 22 synchrotron radiation PES ͑SRPES͒, 23, 24 and PIES ͑Ref. 25͒ have been reported for Cr͑CO͒ 6 , Mo͑CO͒ 6 , and W͑CO͒ 6 . The spectra have been analyzed using Koopmans' theorem or semiempirical DV X-␣ calculations. 26 Reliable ab initio calculations have been reported only for Cr͑CO͒ 6 with the third-order algebraic diagrammatic construction scheme ͓ADC͑3͔͒. 27 Other ab initio results using outer-valence Green's function ͑OVGF͒ calculations have been reported for Mo͑CO͒ 6 and W͑CO͒ 6 . 28 However, no systematic study using a reliable computational method has been reported for the three carbonyls. Previous assignments and arguments relied on the similarity of these three carbonyls. 21, [23] [24] [25] Indeed, their ionization spectra are very similar, even though the differences in ionization energies of the atoms are more than 1 eV between the group six metals. 29, 30 The lowest ionized state of these three carbonyls was studied by electron momentum spectroscopy and Hartree-Fock and density functional theory ͑DFT͒ calculations. 31 The lowest states have metal valence d character and have very similar momentum profiles and electron density distributions. The reason for this similarity has not been clearly explained. If the reason is left unclear, this assumption of similarity seems to be too simple. A systematic study is necessary to provide reliable assignments for spectra of the three carbonyls and to discuss the periodic trends in their ionization.
The aim of the present study is to investigate the periodic trends of the valence ionization spectra of group six metal hexacarbonyls with reliable ab initio calculations. We performed the SAC-CI calculations for the valence ionization of Cr͑CO͒ 6 , Mo͑CO͒ 6 , and W͑CO͒ 6 including spin-free relativistic and spin-orbit ͑SO͒ effects. The present calculations well reproduced the ionization energies observed experimentally using PES. [21] [22] [23] [24] A consistent assignment was provided for the experimentally identified peaks of the group six metal hexacarbonyls. This study is a typical example of the application of the SAC-CI method to transition metal compounds. A suitable computational condition is given for studying ionizations of transition metal compounds that requires consistent consideration of electron correlation and orbital relaxation; they are compactly described by unlinked terms in the SAC-CI method. The metal-carbonyls interaction was studied in terms of the ionization energies. The dependence of ionization energies on the metal-carbonyl bond length was shown and the ionization energies were sensitive to the bond length for the states that have ionization character from metal-carbonyl bonding orbitals. The relativistic effect on the ionization energies was examined and its importance for W͑CO͒ 6 was shown. The similarity in the ionization energies of these carbonyls was explained by the interaction between the metal and carbonyls and the relativistic effect.
II. METHOD OF CALCULATIONS
The SAC/SAC-CI calculations were carried out with the direct SAC-CI program, 32 which has been incorporated into the GAUSSIAN development version. 33 The direct SAC-CI is a new computational algorithm for the SAC-CI singles and doubles ͑SD͒-R method, which has improved the efficiency and accuracy by using the direct CI-like algorithm that is combined with the perturbation-selection technique. The SAC method describes the neutral ground state by the cluster expansion with the symmetry-adapted excitation operators ͕S I † ͖ as
where ͉0͘ is the closed-shell Hartree-Fock determinant. With the SAC-CI method, ionized states are formed by acting the ionization operators ͕R I † ͖ on the SAC wave function as
We have used the SD SAC/SAC-CI method in which single and double excitations are included in the S and R operators.
In the present study, we considered the unlinked terms that include S 1 operators in addition to the default unlinked terms; 34 here S 1 and S 2 denote the singles and doubles in ͕S I † ͖, respectively. In particular, we included 
and ͗R 2 ͉H͉R 2 S 2 ͘ for the SAC-CI secular equations. These additional terms, which are not included in the default calculations, are usually negligible for computations of molecules consisting of main group elements because the coefficients of the S 1 operators are sufficiently small. For transition metal compounds, orbital reorganization of the SAC wave function, which is described by S 1 , is significantly coupled with the electron correlation. Thus, these additional terms greatly affect the ionization energies of d electrons of transition metal compounds.
The relativistic effect was considered using the secondorder Douglas-Kroll-Hess quasirelativistic Hamiltonian. 35 The scalar-relativistic Hamiltonian was used for the HartreeFock and SAC/SAC-CI calculations. The SO effect was calculated by diagonalizing the SO Hamiltonian matrix consisting of the SAC-CI solutions. Details of the SO effect based on the SAC-CI solution are available. 12 Ahlrichs' ͓6s3p3d͔ basis 36 was used for Cr with augmented p-and f-type functions. The augmented p-functions with the exponents ␣͑p͒ = 0.1666 and 0.0617 were generated by extrapolation of the outermost functions. The exponent of the f-function, ␣͑f͒ = 0.537 619, was taken from the d-function. For Mo and W, Dyall's relativistic largecomponent sets were used with segment contraction. 37, 38 One f-function was added for Mo with ␣͑f͒ = 0.351 157 7 taken from the d-function. The final form of the basis functions was ͓6s5p3d1f͔, ͓8s7p5d1f͔, and ͓10s9p7d2f͔ for Cr, Mo, and W. The D95 basis 39 was used for C and O. The equilibrium geometries of the coupled-cluster singles doubles with perturbative triples ͓CCSD͑T͔͒ method with the above basis were used for the SAC-CI calculations. We assumed that the correction for triples was necessary for an appropriate description of the metal-carbonyl distances because the T 1 amplitudes were not small. All of the molecules have O h point group symmetry. The bond distances for the present calculations are summarized in Table I . The M-C lengths in the present study were longer than the MP2 ͑second-order Møller-Plesset perturbation theory͒ values 40 and were similar to the DFT values 28, 41, 42 and experimental results. [43] [44] [45] [46] The C-O lengths in the present study were longer than the other theoretical and experimental values. We will discuss the effects of bond lengths on the ionization energies. The 1s electrons of carbonyls and the largest noble gas core electrons were excluded for the SAC/SAC-CI calculations using the frozen core approximation; the cores were Ar, Kr, and Xe for Cr, Mo, and W, respectively. The perturbation selection technique 47 was used for the SAC/SAC-CI calculation; the thresholds for the ground and ionized states were set to g = e = 1.0E − 7. The ionization cross sections were calculated by the monopole approximation. 48 They are a rough estimation of the relative intensities of peaks because the monopole approximation is valid for high energy limit and is insufficient to reproduce the intensity of UVPES. The SAC-CI theoretical spectra were convoluted with a Gaussian envelope to simulate the Frank-Condon width and the resolution of the spectrometer; the full width at half maximum ͑FWHM͒ of the Gaussian was set to 0.2 eV.
III. RESULTS AND DISCUSSION

A. Ionization spectra
Tables II-IV show the ionization energies and the orbital character of the dominant configurations for Cr͑CO͒ 6 , Mo͑CO͒ 6 , and W͑CO͒ 6 calculated with the SAC-CI method, respectively. The SAC-CI results without and with SO are shown. Other theoretical results by Koopmans' theorem, ADC͑3͒, 27 OVGF, 28 and pseudospectral Dirac-Kohn-Sham ͑DKS͒ ͑Ref. 49͒ and experimental ionization energies by He I PES, 21 SRPES, 23, 24 and XPES ͑Ref. 22͒ are also given In the SAC-CI coefficients, one-electron ionization configurations were dominant for these states. This may appear to be contradicting the ADC͑3͒ results in which the quasiparticle picture was significantly broken down with large mixing of two-hole-one-particle ͑2h1p͒ configurations for several states. 27 For the 1T 2g , 4E g , and 6T 1u states of Cr͑CO͒ 6 , the distinction between the main line and satellite line was meaningless in the ADC͑3͒ result. In this study, we calculated the satellite states, in which 2h1p is the dominant configurations, by the SAC-CI SD-R method. The results are summarized in Table V and they are discussed in the following section. As a result, such satellite states have little effect on the shapes of main peaks and the assignment less than 19 eV. Here, we discuss about the states in which oneelectron ionization configurations were dominant. In these states the coefficient of the main one-hole configuration was about 0.9 and coefficients for 2h1p configurations were less than 0.2. Although one-electron ionization from neutral SAC state is dominant for 1 2 T 2g state, the ionization energies by Koopmans' theorem are significantly deviated from the observations and the SAC-CI results. The similarity of the first ionization energies could not be explained by Koopmans' theorem. The energy differences of the 1 2 T 2g states of the three carbonyls were more than 1 eV by Koopmans' theorem. This was too large in comparison with the experimental findings.
The SAC-CI method well reproduced the overall trends of the experimental findings. The qualitative agreement with experimental ionization energies was better than those by other theoretical calculations; in particular, the first ionizations were well described by the SAC-CI method for the three carbonyls. Other peaks were calculated about 0.2-0.4 eV higher than the experimental observations. This deviation would be corrected by improving the basis sets of the carbonyls. The ADC͑3͒ includes single-hole and 2h1p configurations and diagonalizes the Hamiltonian matrix to obtain the ionization energies and pole strengths. The methodology is similar to the SAC-CI SD-R. Therefore, both the methods would provide similar results at least for main peaks. The difference between the SAC-CI and ADC͑3͒ results must be due to the computational conditions; the number of active virtual orbitals taken into account in Ref. 27 was too small. The OVGF method is based on the perturbation theory; therefore, the SAC-CI is theoretically superior in particular for higher energy region. Molecular geometries also affect on the ionization energies. Energies of some states are sensitive to metal-CO bond length. This point will be discussed in the next subsection. In Ref. 28 , the ionization energies calculated by the 2ph-TDA ͑Tamm-Dancoff approximation͒ have been reported for Mo͑CO͒ 6 and W͑CO͒ 6 . The 2ph-TDA improved the OVGF ionization energies in higher energy region. The TDA results are shown in Tables III and IV 
174303-5
Ionization of group six metal hexacarbonyls J. Chem. Phys. 131, 174303 ͑2009͒ method were underestimated and could not be compared directly with the experimental findings. The SO effects are small in the ionization spectra of Cr͑CO͒ 6 and Mo͑CO͒ 6 ; therefore, we can discuss the assignment of spectra without the SO effect. However, the SO splitting is significant for some states of W͑CO͒ 6 . We will discuss the ionization of the molecules mainly without the SO effect and will consider the effect of SO on the states if it is important. The valence ionizations of these carbonyls have been classified into three regions: region A around 8.5 eV, region B at 13-17 eV, and region C at 17-20 eV. 20 The nature of the ionization has been roughly considered as follows. Region A is the ionization from metal d orbitals, region B is the ionization from the CO outer-valence 1 and 5 orbitals, and region C is the ionization from the CO inner-valence 4 orbital. The character of the metal orbitals showed mixing with the ligand orbital.
The single peak in region A was unambiguously assigned to the 1 2 T 2g state for all three carbonyls. This state involving ionization of the valence d electron of the metal includes the character of CO͑ ‫ء‬ ͒ with the back-donation mechanism of the metal-ligand bond. 18 The state is split into two by the SO effect; the calculated SO splits of Cr͑CO͒ 6 , Mo͑CO͒ 6 , and W͑CO͒ 6 were 0.04, 0.08, and 0.23 eV, respectively. For W͑CO͒ 6 , the SAC-CI result agrees well with the experimental value of 0.26 eV and also the DKS result.
Complex overlapping structures were observed in region B using PES. Based on Koopmans' theorem, Higginson et al. 21 identified seven peaks in this region; however, their assignment involved uncertainties. Other studies identified only three or four peaks in this region. 22, 23 The SAC-CI spectrum in Figs. 1-3 indicated four or five peaks in this region with this FWHM. We consistently assigned the experimentally identified peaks based on the SAC-CI results, although we needed to consider molecular vibrations and the higherorder contributions to the ionization cross section for more accurate simulation of the spectra.
We assigned the experimentally identified peaks of the He I PES of Cr͑CO͒ 6 except for peaks B 4 For W͑CO͒ 6 , the SO effect is significant for the 2 T 1u states because of the character of the 6p orbital of W that is mixing. The calculated splitting of 0.83 eV seems an overestimation of the SO effect by comparison with the DKS result. The configuration space for the SO matrix used in this study is insufficient for an accurate description of the 6p orbitals. + states. In region C, two weak, broadbands were observed using He I PES. For Cr͑CO͒ 6 , peak C 1 was assigned to the 2 2 E g and 3 2 T 1u states, and peak C 2 was assigned to the 2 2 A 1g state. The SAC-CI results were about 0.2 eV higher than the experimental findings. For Mo͑CO͒ 6 , peak C 1 was assigned to the 2 2 E g and 3 2 T 1u states. If we assign the 2 2 A 1g state to peak C 2 , the deviation between the SAC-CI calculation and observation is 0.76 eV. This deviation seems to be too large. The calculated ionization energy of 18.94 eV is reasonable compared with the corresponding energy for Cr͑CO͒ 6 because the character of this state involves the Mo͑5s͒ or Cr͑4s͒ electron; the ionization energy of Mo͑5s͒ is about 1 eV lower than that of Cr͑4s͒. 29 We assume that the assignment of peak C 2 to the 2 2 A 1g state is wrong. Peak C 2 may be a shake-up state, as has been observed in W͑CO͒ 6 .
For W͑CO͒ 6 , four peaks were identified by SRPES. 24 The peaks 6 and 6Ј correspond to peak C 1 of the He II PES. Peak 7 was identified by SRPES and the broad peak S corresponds to peak C 2 . The peaks 6, 6Ј, and 7 compose one broad region. These peaks were assigned to the 4G 3/2 − , 3E 1/2 − , and 5G 3/2 + states. Peak S could be a shake-up peak and this broad peak could contain the 2 2 A 1g state. The calculated shake-up satellite states are shown in Table V. In the region more than 19 eV, many satellite states were calculated; therefore, peak C 2 of Cr͑CO͒ 6 and Mo͑CO͒ 6 contains the character of a shake-up peak.
B. Interaction between the metal and carbonyls
The ionization energies and the ionization character depend on the interaction between the metal and carbonyls. To illustrate this dependence, ionization energies were calculated varying the metal-CO distances. In these calculations, all metal-CO distances were changed equally to retain O h symmetry with fixed C-O distances. The SO effect was not considered here.
The results for Cr͑CO͒ 6 are shown in Fig. 4͑a͒ . The eleven states resolve into four states in the long distance region where the effect of interactions is negligible. These four states are ionization of the metal valence d electron, valence 5, valence 1, and inner-valence 4 of carbonyls. Figures 4͑b͒ and 4͑c͒ show the states with ionization energies higher than 12 eV for Mo͑CO͒ 6 and W͑CO͒ 6 . The three carbonyls show a similar dependence of ionization energies on the metal-CO distance.
The same calculations for six carbonyls in O h geometry without a metal were carried out to study the interactions between the carbonyls. Figure 5 shows the result. The variations in ionization energy by changing the center-CO distances reflect the effect of the interaction on the ionizing 
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electron. Ionization energies of the valence 5 change significantly at distances below 3 Å because the ionizing electron distributes in the center-CO direction. Ionization energies of valence 1 and inner-valence 4 show little change even at short distances because the interactions between the carbonyls have little effect on these electrons. The CO͑5͒ electrons form a bond with the metal by the -donation mechanism. The bond formation stabilizes the energy level of the electron and the ionization energy increases. The ionized states originating in the CO͑5͒ and CO͑1͒ electrons are concentrated in the region 14-17 eV when molecules take the equilibrium geometry. Consequently, these states are observed as complex overlapping peaks in the ionization spectra. The difference in spectra between the metal carbonyls mainly depends on the metal-CO distances. The bond distance affects the relative position of the 1 2 E g state. In Cr͑CO͒ 6 , the 1 2 E g state is the fourth lowest state but it is the seventh lowest state in Mo͑CO͒ 6 and W͑CO͒ 6 .
The ionization energies of the lowest 2 T 2g states are shown in Fig. 6 . In the dissociation limit, these states correspond to the ionization of valence d electrons of the metals. Since they are the ionization from the closed-shell singlet to doublet, they are not the ionization of bare metal atoms in their ground state. They are highly excited state of metal atoms but corresponding experimental data have not been available. In bonding region, the valence d electrons form the bond with carbonyls by the back-donation mechanism, 18 and these states are the ionization of these bonding electrons. Formation of the bond increases the ionization energy in the region below 4 Å because the bond formation stabilizes the energy level of the valence electrons. The ionization energy curves of the three carbonyls show a similar trend. In particular, those of Mo͑CO͒ 6 and W͑CO͒ 6 are approximately the same. The result that the 2 T 2g states of Mo͑CO͒ 6 and W͑CO͒ 6 have approximately the same ionization energies at the same bond distance is caused by the relativistic effect. To study the relativistic effect, nonrelativistic calculations were also performed. The nonrelativistic results for W͑CO͒ 6 are shown in Fig. 6 ; the relativistic effects on Cr͑CO͒ 6 and Mo͑CO͒ 6 were negligible.
C. Periodic trend of the ionization energies
The relativistic and nonrelativistic ionization energies of atoms in the closed-shell singlet state that corresponds to the dissociation limit of 1 2 T 2g state are shown in Table VI . The ionization energy increases as the metal becomes heavier. We note that this ionization energy is not the ionization of the atomic ground state in high spin. Therefore, this closed-shell singlet state is unstable by the exchange terms because of the Pauli principle. This destabilization is largest in Cr because the spatial extent of the electrons is small. Because ionization partially eliminates this destabilization, Cr tends to be ionized more easily than the heavier atoms.
The relativistic effect diminishes the ionization energy of W͑CO͒ 6 . As a result, Mo͑CO͒ 6 and W͑CO͒ 6 have almost the same ionization energy. The valence 5d electrons of W are destabilized by the relativistic effect because the effective nuclear potential of the 5d electrons is more efficiently screened because of the relativistic contraction of the inner electrons. 50 The relativistic effects on Cr and Mo are 0.06 eV or less but the effect on W is 0.73 eV for the atoms in the closed-shell singlet state.
Approximately the same ionization energies were observed by spectroscopy for the three metal carbonyls; the energies are about 8.1-8.5 eV. This finding is explained by the interaction between metal and carbonyls and the relativistic effect. These effects on the ionization energies are shown in Fig. 7 . The magnitude of the ionization energy of the valence d electron of the metals is CrϽ MoϽ W in the closed-shell singlet state, which corresponds to the dissociation limit at the nonrelativistic level. The formation of a carbonyl molecule increases the ionization energy. If we assume the same metal-CO distance for the three carbonyls ͓for example, we assumed 2.08 Å from the Mo͑CO͒ 6 geometry͔, large differences of 1 eV or more still exist between the ionization energies of the three carbonyls. At the equilibrium geometry, the ionization energy of Cr͑CO͒ 6 significantly increases because the equilibrium distance of Cr͑CO͒ 6 is shorter than those of Mo͑CO͒ 6 and W͑CO͒ 6 . As a result, the interaction between Cr and carbonyls becomes strong and the stabilization of the energy level as a result of forming the molecule is the largest. The relativistic effects decrease the ionization energy of W͑CO͒ 6 by about 1 eV. The SO effect splits the states but its effect on the energy is small. The short Cr-CO distance and the relativistic effect on W͑CO͒ 6 are the reasons why the lowest ionization energies of the three carbonyls are approximately the same. Table V shows the main and satellite states calculated by the SAC-CI SD-R method; the states with intensity larger than 0.002 are shown. The results of main peaks in Table V with the CCSD͑T͒ optimized geometry are identical with the results in Tables II-IV. In the SAC-CI calculations with the CCSD͑T͒ optimized geometry, the satellite states have only hundred times smaller intensity than the main states; therefore, the distinction between the main and satellite states is obvious. The satellite states appeared in energy region more than 18 eV. Since the relative intensity was small, the satellite states had little effect on the shapes of spectrum less than 19 eV. The satellite states had some effect on the spectrum in 19-20 eV because they were dense in higher than 19 eV.
D. Satellite states
Satellite states which have as large intensity as main states were not calculated by the SAC-CI method; such states have been reported by the ADC͑3͒ calculation of Cr͑CO͒ 6 in 2E g and 3T 1u states. 27 We also performed the SAC-CI calculation of Cr͑CO͒ 6 with the neutron diffraction geometry; 45 the results are also shown in Table V . Using this geometry, the 2E g state were split into two states in 17.94 and 18.09 eV with intensity 0.19 and 0.18. This split would be the same as the previous result of ADC͑3͒ calculation.
To investigate the geometry dependence of main and satellite states, we performed the SAC-CI calculations of E g states with various Cr-CO distances. The results are shown in Fig. 8 . The geometry dependence of ionization energies in shake-up satellite states was larger than those in main states.
Avoided crossing of main and satellite states was observed around 1.94 Å. Around this bond length, these two states had similar character and almost the same intensity. It was impossible to draw a distinction between main and satellite states. It should be interpreted as a split of main state into two quasidegenerate states. The similar splitting in T 1u that has been reported by the ADC͑3͒ calculation was not found out by the present SAC-CI calculations. Other factors than Cr-CO bond length may affect this T 1u state.
This split of peak did not affect the spectrum shape because the total intensity of main and satellite peaks did not depend on geometry. Although it broadens peaks, the effect must couple with molecular vibrations for realistic system. Discussion based only on electronic states is insufficient for this kind of quasidegenerate states. Moreover, the present calculations that include only SD would be insufficient for such situation to make reliable discussion. Thus, we do not make intensive discussion about shake-up satellite states here. We can conclude that the valence ionization spectra less than 19 eV can be studied by the SAC-CI SD-R method with including main peaks in which one-electron ionization from SAC neutral state is dominant with using the CCSD͑T͒ optimized geometry.
IV. CONCLUSIONS
We have applied the SAC-CI method to the valence ionization spectra of group six metal hexacarbonyls up to 20 eV. The present calculations well reproduced the experimental spectra observed by He I PES, SRPES, and XPES. This study demonstrated that SAC-CI calculations apply to ionizations of typical transition metal compounds. For these types of molecules, the coupling between the orbital relaxation and electron correlation is important. This coupling is described with the unlinked terms in the SAC-CI method; therefore, the terms containing S 1 operators must be considered, as shown in the computational method of this study.
The first ionization around 8.4 eV was well reproduced by the SAC-CI method for the three carbonyls including the SO splitting observed in W͑CO͒ 6 . The ionization in the 13-17 eV region was calculated to be about 0.2 to 0.4 eV higher than the observations. In this region, consistent assignments could be provided for the experimentally identified peaks using the SAC-CI calculations. The SO effects on the T 1u states were significant for W͑CO͒ 6 because these states involve 6p orbitals of W. In the 18-20 eV region, room for further theoretical studies remains for reliable assignments because there is the probability of observing the lowest shake-up states around 20 eV.
The ionization character could be roughly explained as the ionization of CO and d electrons of the metal; however, the interaction between CO and the metal significantly affects the ionization energies and breaks a picture as ionizations from single natural orbital. The ionizations of CO͑5͒ interact with the metal by the sigma-donation mechanism. The interaction increases these ionization energies. Consequently, the states with the origin in CO͑5͒ and CO͑1͒ have energies of around 13-17 eV. Thus, many overlapping peaks are observed in this region. The ionization energies of E g and A 1g states were sensitively affected on the metal-CO bond length.
The present calculations can explain the very similar values of the first ionization energies that are observed for the three metal carbonyls. The relativistic effect diminishes the ionization energy of W͑CO͒ 6 and the interaction between carbonyls and the metal increases the ionization energy of Cr͑CO͒ 6 . Thus, the three carbonyls have their first ionization energies around 8.4 eV.
